Introduction {#S1}
============

Inaccurate gene expression would impose adverse effect on proteostasis and cellular lifespan^[@R1]^. To maintain high transcriptional fidelity, RNA polymerases (RNAPs) are capable to proofread the nascent RNA transcript by its intrinsic nuclease activity, a hydrolytic cleavage reaction that can be further stimulated by other transcription factors such as GreA/GreB in bacteria^[@R2],[@R3]^, TFIIS in eukarya^[@R4]^ and TFS in archea^[@R5]^. It has been shown in *Saccharomyces cerevisiae* that TFIIS-stimulated cleavage is not essential, as the factor-independent, intrinsic cleavage activity by RNA polymerase II (Pol II) is sufficient for cell viability^[@R6]^.

RNAP utilises the same active site for both nucleotide polymerization and intrinsic cleavage reaction. Upon single nucleotide misincorporation, RNAP adopts a stable one-nucleotide-backtracked state^[@R7],[@R8]^ that allows intrinsic cleavage to remove dinucleotide at 3'-teminus by hydrolysing the penultimate phosphodiester bond^[@R7],[@R9],[@R10]^ without the participation of external transcription factors. It was suggested that intrinsic cleavage follows the two-metal mechanism^[@R11]^ that is observed in various enzymes, including human DNA polymerase η^[@R12],[@R13]^, β^[@R14]--[@R17]^ and μ^[@R18]^, N4 RNAP^[@R19]^, archaeon *Desulfurococcus mobilis* homing endonuclease I-Dmol^[@R20]^, *Thermus thermophilus* Argonaute protein^[@R21]^, and *Bacillus Halodurans* Ribonuclease H1^22^. The central question remains, however, on the identities of the general base and acid involved in this cleavage reaction.

The reaction mechanism of intrinsic cleavage by Pol II remains elusive. Although time-resolved X-ray studies have emerged to be a powerful technique for real-time monitoring the enzymatic reaction progress^[@R12]--[@R20],[@R22]^, it remains difficult to fully reveal the reaction mechanism using this technique for Pol II due to the resolution limit of current available crystal structures. The currently available crystal structures of one-residue-backtracked RNAP^[@R7],[@R8]^ are unable to reveal a general base for activating the attacking nucleophile, as well as a general acid for protonating the oxyanion leaving group. The hydrogen atoms are difficult to be located accurately and precisely due to resolution limit. Previous biochemical studies suggested either the nucleobase of the terminal nucleotide^[@R9],[@R10]^ or a particular enzyme residue (invariant His in the trigger loop (TL) motif)^[@R23]--[@R25]^ could function as the general base. The possible candidate serving as general acid is not clear. Furthermore, the characterization of the transition state is presumably more challenging due to its short lifetime (\~fs). Considering the current experimental limitations, computational studies can serve as a powerful and complementary approach to elucidate reaction mechanisms with atomistic details^[@R26]--[@R29]^.

In the present work, we applied the state-of-the-art Born-Oppenheimer *ab initio* quantum mechanics/molecular mechanics-molecular dynamics (aiQM/MM-MD) simulations to elucidate the intrinsic cleavage mechanism in backtracked Pol II. Our results suggest that phosphate oxygen on the terminal misincorporated nucleotide unexpectedly serves as general base and assists in deprotonating the attacking water. The exposed 3'-oxyanion is protonated through water-mediated proton transfer without a general acid. Our theoretical predictions are validated by biochemical experiments. Taken together, our proposed cleavage mechanism provides important insights into understanding the intrinsic cleavage reaction by Pol II.

Results {#S2}
=======

A concerted reaction mechanism for Pol II's intrinsic cleavage. {#S3}
---------------------------------------------------------------

In order to investigate the molecular mechanism of Pol II intrinsic cleavage reaction, we performed large-scale aiQM/MM-MD simulations on the backtracked Pol II system consisting of 103 QM atoms and 372,091 MM atoms ([Fig. 1(a)](#F1){ref-type="fig"} and [Supplementary Note 1](#SD1){ref-type="supplementary-material"}). In typical aiQM/MM-MD calculations, spherical boundary scheme is applied where only the core region is enclosed in a truncated sphere. Our recently developed QChem/Amber^[@R30]^ interface applies periodic boundary condition, allowing a more accurate description on long range electrostatic interaction. We first carefully validated our initial structure by showing that important structural features for catalysis are well maintained, including the distance between the two Mg^2+^ ions and the coordination of each of them ([Supplementary Note 1--7 and Supplementary Fig. 1--2, 19](#SD1){ref-type="supplementary-material"}).

We performed aiQM/MM calculations along the reaction coordinates to explore the 1-Dimensional (1D) and subsequently 2-Dimensional (2D) potential energy profiles after obtaining an active reaction complex structure from MD simulations, followed by extensive aiQM/MM-MD simulations along the minimum potential energy pathway on the 2D potential energy surface to explore the 2D free energy surface via umbrella sampling^[@R31],[@R32]^ ([Methods](#S8){ref-type="sec"} and [supplementary Note 4](#SD1){ref-type="supplementary-material"}). In particular, we collected 7 ps production aiQM/MM-MD simulations from 115 windows to calculate the 2D potential of mean force (PMF) or free energy profiles using weighted histogram analysis method (WHAM)^[@R33]^. We further demonstrate that our reported free energy profiles are converged by doubling the length of our production aiQM/MM-MD simulations at each window ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}) and the choices of reaction coordinates can effectively distinguish conformations with different covalent bonding ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}).

We show that Pol II follows a concerted mechanism to cleave the phosphodiester bond of the backtracked mismatched nucleotide. We systematically surveyed atoms near the attracting nucleophile that can potentially serve as the general base to activate the nucleophile. Interestingly, we found that rather than a Pol II residue, the downstream phosphate oxygen (G12 pro-Rp) serves as the general base to activate the Mg~B~-binding attacking nucleophile (the activation barrier is \~29 kcal/mol, see [Fig. 1(b)](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). The resulting overall free energies of Reactant State (RS), 1^st^ Transition State (TS1), Intermediate State (IS), 2^nd^ Transition State (TS2) and Product State (PS) are 0, 29.18±0.58, 20.43±0.99, 28.66±0.31 and 0.77±0.91 kcal/mol, respectively.

The aiQM/MM-MD simulations ([Fig. 3](#F3){ref-type="fig"}) suggest that the concerted mechanism for the intrinsic cleavage is associated with a transition state (TS1) containing partial bonding to both the attacking nucleophile and leaving group. This results in a metastable intermediate state (IS), which contains an exposed A10 3'-end that is further protonated by the Mg~A~-coordinating water molecule ([Supplementary Note 6](#SD1){ref-type="supplementary-material"}). The last step of the reaction is marked by the completion of proton transfer that recovers neutral water molecules in the active site. To validate the TS1 structure, we have relaxed the TS1 towards the two connecting minima ([Supplementary Note 11--12](#SD1){ref-type="supplementary-material"}). The relaxation pathway is fully consistent with our identified mechanism: the attacking water is deprotonated by the terminal phosphate oxygen ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). We have also examined the stability of the identified IS containing a protonated terminal phosphate and a cleaved phosphodiester bond, which further supports the ability of the 3'-nucleotide phosphate oxygen to accept a proton in serving as the general base ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). Our suggestion of G12 pro-Rp oxygen serving as the general base in intrinsic cleavage is supported by the resolved one-nucleotide-backtracked structures of *Saccharomyces cerevisiae* Pol II^[@R7]^ and *Thermus thermophilus* RNAP^[@R8]^, where both structures contain a twisted backbone between the backtracked and upstream nucleotides that places the pro-Rp atom of the former in close proximity to the active site ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}).

Phosphate oxygen of 3'-RNA nucleotide as general base. {#S4}
------------------------------------------------------

In our proposed mechanism ([Fig. 3](#F3){ref-type="fig"}), pro-Rp oxygen of G12 serves as a general base that activates the attacking water for cleavage. The distance between pro-Rp oxygen of G12 and attacking water is important for activation. To directly test this proposed mechanism, we employed two different strategies to investigate the roles of pro-Rp oxygen in intrinsic cleavage.

In the first approach, we increased the distance between pro-Rp oxygen of G12 and attacking water by replacing 3'−5' phosphodiester linkage with a specific 2'−5' phosphodiester linkage between terminal G12 and U11. As the result, the distance between G12 non-bridging phosphate oxygen and the attacking water is greatly increased, thereby disabling it from acting as a general base. To demonstrate this, we performed MD simulations using 2'−5' RNA transcript and showed that the average distance between the G12 pro-Rp oxygen and the hydrogen on the attacking water is 5.47±0.29 Å, larger than the value of 3.44±0.29 Å obtained from 3'−5' linkage; hence, significantly compromising the catalysed cleavage activity ([Fig. 4(e)](#F4){ref-type="fig"}). Apart from the distance between the G12 pro-Rp oxygen and the attacking water, we further show that the active-site architecture remains nearly intact with the change from the 3'−5' to 2'−5' linkage ([Supplementary Fig. 10 and Supplementary Information Note 9 and 10](#SD1){ref-type="supplementary-material"}).

To further validate the above theoretical observations, we performed an intrinsic cleavage assay using the scaffold described in [Fig. 4(a)](#F4){ref-type="fig"}, in which the G12 of the RNA transcript was either in a 3'−5' or 2'−5' linked orientation. The experimental assay of Pol II intrinsic cleavage clearly shows that the alteration of the linkage between the U11 and G12 nucleotide greatly reduces the overall cleavage rate of backtracked transcript ([Supplementary Fig. 4(b, c)](#SD1){ref-type="supplementary-material"}).

To quantify the cleavage rate, we found that double phase method fits the experimental data much better than the single-phase fitting method ([Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}). Strikingly, the k~fast~ of 2'−5' linkage is more than 14-fold slower than that of 3'−5' linkage (0.14±0.02 min^−1^ for 3'−5' linkage vs. 0.0091±0.0022 min^−1^ for 2'−5' linkage). In addition, the 3'−5' linked scaffold has higher percentage of fast phase than the 2'−5' linkage (69.5±6.0 % for 3'−5' linkage vs. 32.1±8.6 % for 2'−5' linkage). The slow rate constants of these two scaffolds are similar (0.00088±0.00031 min^−1^ for 3'−5' linkage vs. 0.00081±0.00010 min^−1^ for 2'−5' linkage).

These experimental results reveal two significant observations related to the role of G12 during backtracked intrinsic cleavage. First, the two-phase fittings suggest that two different intrinsic cleavage mechanisms may co-exist in the backtracked elongation complex. Second, we showed that the cleavage rates (k~fast~) are highly affected by the backtracked nucleotide phosphodiester backbone linkage (3'−5' vs 2'−5' linkage). This result explicitly indicates that the linkage alteration of the backtracked nucleotide can strongly influence the intrinsic cleavage activity. This change in orientation directly shifts the position of the phosphate group as described in [Fig. 4(f)](#F4){ref-type="fig"}. Hence, the 14-fold reduction in cleavage activity, as well as the lower percentage of fast phase ([Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}) for the altered 2'−5' linkage compared with the natural 3'−5' linkage supports the facilitative role of the phosphate group during intrinsic cleavage as proposed by our theoretical studies. Also, the reduced population of the fast phase in the 2'−5' linkage could be related to the enlarged distance between the G12 pro-Rp oxygen and the hydrogen on the attacking water, which further validates the importance of the phosphate group.

High pH stimulates phosphodiester hydrolysis through deprotonating the attacking water. The profiles and shapes of pH-dependent cleavage curves provide important insights into the reaction mechanisms. To test whether the cleavage mechanism of 2'−5' and 3'−5' linked scaffolds are the same, we also compared the pH profile of the 2'−5' and 3'−5' linked scaffolds. The pH profiles of cleavage reactions of 2'−5' and 3'−5' linked scaffolds were quite similar ([Fig. 4(d)](#F4){ref-type="fig"}), suggesting that the same set of atoms are involved in the cleavage reactions. This result is consistent with our hypothesis.

To further confirm the involvement of pro-Rp oxygen of G12, we took a second approach using thio-substitution of this critical phosphate oxygen atom without significantly altering the atomic configuration of the active site ([Fig. 5(a)](#F5){ref-type="fig"} and [Methods](#S8){ref-type="sec"}). The production of oligonucleotides containing thio-substitution yields two stereoisomers, namely Rp-S and Sp-S ([Fig. 5(a)](#F5){ref-type="fig"}). We performed reversed-phase high-performance liquid chromatography to separate Rp-S and Sp-S oligonucleotides from the mixture to determine the cleavage rates for the separated components ([Methods](#S8){ref-type="sec"}). Among the two peaks we obtained (Thio-Peak 1 and Thio-Peak 2), the cleavage rate of Thio-Peak 2 is significantly reduced, while the cleavage rate of Thio-Peak 1 has little change ([Fig. 5(b, c)](#F5){ref-type="fig"}). This result is consistent with our proposed reaction mechanism. On one hand, the stereo-specific Rp-S-substitution of terminal phosphate oxygen (Left panel of [Fig. 5(a)](#F5){ref-type="fig"}) would reduce the ability to deprotonate water (Right panel of [Fig. 5(a)](#F5){ref-type="fig"}) and hence a reduced cleavage rate, so we suggest Rp-S-substitution to correspond to Thio-Peak 2 ([Fig. 5(c)](#F5){ref-type="fig"}). On the other hand, in the Sp-S substitution, oxygen stays as the proton acceptor and the cleavage rate would be minimally affected, so we anticipate that the Sp-S-substitution correspond to Thio-Peak 1. Consistent with our results, a previous study also showed that the thio-substitution of terminal adenine phosphate oxygen resulted in a rate reduction in cleavage reaction rate by Pol II^[@R10]^.

Limited role of 3'-RNA nucleobase as alternative general base. {#S5}
--------------------------------------------------------------

Previous studies suggested that the nucleobase of the backtracked nucleotide may directly participate as general acid/base in intrinsic cleavage, although divergence was observed between bacteria and eukaryotes^[@R9],[@R10]^. In particular, it was demonstrated that substituting N7 atom of adenine nucleobase with a methyl group has little effect on intrinsic cleavage in *Thermus aquaticus* RNAP^[@R9]^, but reduced the reaction rate by 3-fold in *Saccharomyces cerevisiae* Pol II^[@R10]^. Methyl-substitution of N7 atom of guanine nucleotide was demonstrated to yield 5-fold increase in reaction rate in *Thermus aquaticus* RNAP^[@R9]^, but its effect in *Saccharomyces cerevisiae* Pol II was still unknown. In order to investigate whether the guanine nucleobase participates as a general acid/base in intrinsic cleavage, we compared the intrinsic cleavage rates with the scaffold containing a terminal 7-deaza-guanine (7-deaza-G with substitution of the N7 atom) or a guanine (G) ([Supplementary Fig. 12(a) and Supplementary Note 13](#SD1){ref-type="supplementary-material"}). The observed cleavage rates of G and 7-deaza-G are at similar levels in the presence of 5 mM Mg^2+^(0.021±0.005 vs 0.024±0.004 min^−1^), suggesting that both the N7 atom and the nucleobase have limited contribution to intrinsic cleavage in Pol II under these conditions. Consistent with these experiments, our QM/MM calculations of the activation energy barrier considering the N7 atom of G12 as the general base lead to a significant increase by 20 kcal/mol, rendering the reaction inactive ([Supplementary Fig. 9(a)](#SD1){ref-type="supplementary-material"}). Interestingly, we found about 2.5-fold difference in cleavage rates between the G and 7-deaza-G template in the presence of 50 mM Mg^2+^ (0.022±0.003 vs 0.054±0.016 min^−1^) ([Supplementary Fig. 12(b)](#SD1){ref-type="supplementary-material"}). This suggests that the N7 atom may involve in coordination of a transient third metal at high Mg^2+^ concentrations (see [Supplementary Fig. 13](#SD1){ref-type="supplementary-material"} for two possible positions of Mg~C~ in our catalytic site after QM/MM energy optimization). A similar role of N7 of guanine for chelating Mg^2+^ was also proposed for bacterial RNAP using 7-deaza-G^[@R9]^.

To test if other nucleobase atoms such as O6 on the backtracked nucleotide base G12 could play a role in intrinsic cleavage serving as general base, we also performed QM/MM calculations for G12 O6 serving as possible alternative general base and our results show that it increases the activation energy by \~20 kcal/mol ([Supplementary Fig. 9(c)](#SD1){ref-type="supplementary-material"}). Taken together, we concluded that the contribution of the nucleobase of G12 to Pol II intrinsic cleavage is minor, if there is any.

Pol II residues are not likely to serve as general acid. {#S6}
--------------------------------------------------------

Given that D485 is the closest protein residue to the newly generated A10 3'-end oxygen, we performed MD simulations with protonated D485 to test whether D485 could serve as general acid and whether a protonated Asp is stable in the active site of backtracked Pol II ([Supplementary Note 8](#SD1){ref-type="supplementary-material"}). In the three MD trajectories produced, one of them shows a distorted active site configuration with U11 not coordinating with Mg~A~, while the other two are stable with the proton on D485 pointing away from the active site ([Supplementary Fig. 14](#SD1){ref-type="supplementary-material"}).

To further examine whether the proton can be successfully accommodated when the nearest water molecule is removed, we repeated the MD simulation with five-coordinated Mg~A~. The results show that this configuration is not associated with increased stability as the proton on D485 points away from the active site during position-restrained equilibration in all the three trials. To eliminate the possibility that the instability originates from force-field artefact, MD simulation was repeated with the proton on D485 with its position restrained. In all three trials, the Mg~A~-Mg~B~ distance increases to near 5 Å during equilibration; therefore, we conclude that protonated D485 is not a stable configuration of the active site of backtracked Pol II complex and is not able to serve as the general acid. The unavailability of the general acid in the active site is consistent with our view that protein residues in Pol II are not directly involved in proton transfer during the cleavage reaction.

Discussion and Conclusion {#S7}
=========================

In our proposed mechanism, intrinsic cleavage is assisted by the non-bridging phosphate oxygen on the terminal nucleotide, which is only available in the backtracked state. The equilibrium of pol II translocation states is driven by the 3'-misincorporated base and moves toward the backtracked state. Since the downstream pro-Rp oxygen atoms in the crystal structures occupy a similar position regardless of the identity and orientation of the base of the misincorporated nucleotide ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}), we anticipate that the mechanism we elucidated for the G:G mismatch is general to all types of mismatch. Therefore, the observed sequence dependence of proofreading rates is likely to reflect the difference in tendency of backtracking instead of the distinct chemical reaction mechanisms. The identified important role of backtracking motion in transcription proofreading is supported by our previous study showing that a threonine residue on the Pol II bridge helix can probe the mismatch of the terminal base pair at i+1 site and facilitate backtracking^[@R34]^. In addition to the proposed mechanism described in this work, it is also possible that Trigger Loop plays additional role in proofreading as a positional instead of acid-base catalyst^[@R25]^. Our proposed catalytic role of phosphate is also consistent with a recent study showing a stimulating effect of inorganic phosphate on RNAP exonuclease cleavage^[@R35]^.

The observed rate of Pol II's intrinsic cleavage is relatively slow in comparison with that of the TFIIS-assisted cleavage (slower by \~400 times)^[@R7]^. This slow rate is reflected by a relatively high free energy barrier (\~29 kcal/mol) from our calculations for the intrinsic cleavage reaction. Interestingly, recent structural work suggested the potential involvement of additional transiently bound metal ions in DNA polymerase reaction by DNA polymerase η^[@R13]^ and DNA polymerase β^[@R14]^, as well as RNA cleavage conducted by RNase H^[@R22]^. To date, direct structural evidences in supporting the involvement of additional transiently-bound metal in transcriptional intrinsic cleavage by Pol II are not available. Nevertheless, we tested the potential role of a third Mg^2+^ (Mg~C~) by modelling its possible locations based on previously published Mg~C~ conformations^[@R14],[@R22]^ ([Supplementary Fig. 13](#SD1){ref-type="supplementary-material"}). In our modelled structures, the introduction of Mg~C~ only induces minor rearrangement of the active site and does not affect the alignment of the attacking nucleophile, which indicates that Mg~C~ will unlikely alter the reaction mechanisms, especially the identity of the general base. Subsequent QM/MM energy optimizations show that Mg~C~ could stabilize the energy change from reactant to product state by 3.4 kcal/mol in one structural model, suggesting its potential role in lowering the free energy barrier ([Supplementary Fig. 13(b)](#SD1){ref-type="supplementary-material"}). It is worthy to further investigate the potential involvement of Mg~C~ in the future studies.

In this study, by employing state-of-the-art simulations accompanied by biochemical studies, we have elucidated key features of the mechanism of intrinsic cleavage catalysed by RNA polymerase II. The non-bridging pro-Rp oxygen of the terminal nucleotide G12 in the backtracked complex positions and deprotonates the attacking water molecule. The exposed 3'-oxyanion is protonated through proton transfer through metal-coordinating water molecules without the participation of a general acid. Our QM/MM calculation results indicate that all these three alternative bases (N7, O6, and U11 pro-Rp) are substantially less favourable in potential energy for endonucleolytic cleavage than our proposed general base bearing the G12 pro-Rp oxygen ([Supplementary Note 13 and Supplementary Fig. 9](#SD1){ref-type="supplementary-material"}). The proposed mechanism is supported by biochemical experiments with 3'−5'-to-2'−5' modification of the phosphodiester linkage between terminal G12 and U11, thio-substitution of the non-bridging pro-Rp oxygen of the terminal nucleotide G12, and N7 modification of nucleobase of G12. We consider this non-bridging phosphate-based reaction mechanism to be more reliable than a protein-based mechanism because the non-bridging pro-Rp oxygen is activated in response to the shift in translocation equilibrium upon misincorporation. Although other intrinsic cleavage mechanisms may co-exist, they appear as much less efficient and secondary. The dominating nucleobase-independent reaction mechanism suggests that backtracking instead of chemical reaction is the underlying means for observed sequence-dependent proofreading. Furthermore, unlike other specific endonucleases, a unique feature of Pol II is that the same active site can catalyse both polymerization (nucleotide addition) and cleavage reactions, which is distinct from Ribonuclease H^[@R22]^ and Flap endonucleases^[@R36]^. Moreover, the enzyme active site as well as its RNA substrate are very different for Pol II and Ribonuclease H. The molecular mechanism for RNA cleavage reaction catalysed by Pol II is poorly understood. It is not clear whether Pol II has a similar mechanism like endonucleases or not. Our proposed mechanism, in which the phosphate Rp-oxygen serves as the general base rather than any Pol II residues, suggests that Pol II compartmentalises its backtracking (with conformational change highly reliant on Pol II residues to recognise NTP misincorporation) and cleavage mechanisms (Pol II independent reaction mechanism) in order to coordinate these two functions. This study therefore provides important insights into understanding how RNA is cleaved by Pol II. In fact, the similarity between the substrate-assisted reaction mechanism identified in this work and the other reported RNA cleaving mechanisms by a specific endonuclease is quite intriguing. It possibly provides a link on how dual functions of RNAP (polymerization and cleavage activities from the same active site) have evolved.

METHODS {#S8}
=======

System Preparation {#S9}
------------------

The 3.4 Å x-ray crystal structure of *Saccharomyces cerevisiae* Pol II with G∙dG mismatch (PDBID: 3GTG)^[@R7]^ was used in this study. Middle missing loops in Rpb 1, Rpb 2 and Rpb 8 were modelled using SwissPDB Viewer^[@R37]^. Specifically, the long missing loop from residue 133 to 162 in Rpb 2 was modelled with flexible GAG sequence. Based on the pKa calculations performed with H^++[@R38]^ and PROPKA3.1^[@R39]^, all residues were assigned as their standard protonation state. The active Rpb1-H1085 was specifically assigned to be doubly protonated, because this protonation state was suggested to allow better interaction with the triphosphate group of incoming NTP^[@R40]^. For details on MD calculations and for selecting the initial conformation from MD simulation were given in [Supplementary Note 1--4 and Supplementary Fig. 14--17](#SD1){ref-type="supplementary-material"}.

QM/MM and aiQM/MM-MD Calculations {#S10}
---------------------------------

QChem/Amber program was used to perform QM/MM calculations. The largest advantage of QChem/Amber is allowing full description of the whole system under periodic boundary condition. The usual approach of truncating the system into a small sphere would remove a large portion of the protein and nucleic acids, as well as the neutralizing Na^+^ ions which distribute widely in the solvent. QChem/Amber thus provides a more accurate description on long range electrostatic interactions.

The QM region consists of 103 atoms, including the complete G12 and U11 nucleotides, the ribose and the base of A10, the two Mg^2+^ ions, and three coordinating water molecules that involve in bond breaking and formation. The C5' atom of A10 was described using pseudopotential. The electrostatic sphere with radius of 25 Å was updated together with the position of centre U11 pro-Sp oxygen atom. The remaining 372,091 atoms were all included in the free MM region. B3LYP^[@R41]--[@R43]^ functional and 6--31G\*^[@R44],[@R45]^ basis set were used for all the QM atoms. MM atoms were described using the same force field parameters as stated above.

2D potential energy surface was first identified using reaction coordinate driving method. The reaction pathway was divided into two steps: (1) Endonucleolytic cleavage and (2) Proton transfer. In step 1, the attacking nucleophile W1 is deprotonated by the Rp-oxygen on the backtracked nucleotide, followed by cleavage of P-O bond between A10 and U11. The four variables O~A10~-P~U11~, P~U11~-O~W1,~ O~W1~-H~W1~ and H~W1~-O~G12~ are denoted as r1, r2, r3 and r4, respectively. The two reaction coordinates were chosen as r1-r2 and r3-r4. In step2, the protonation of exposed 3'-end by water-mediated proton transfer was described by six variables: H~W1~-O~G12~ (r4), O~W1~-H~W3~ (r5), H~W2~-O~W1~ (r6), O~W3~-H~W2~ (r7)~,~ H~W3~-O~W3~ (r8) and. O~A10~-H~W3~ (r9). The reaction coordinates were r4-r5+r6-r7 and r8-r9. Totally, 1810 and 2862 points were used to construct the 2D potential energy surface of step 1 and step 2, respectively. We further show that these choices of reaction coordinates can effectively distinguish conformations with different covalent bonding. In particular, a monotonic change is observed when variations of actual bond distances were projected on to our reaction coordinate for both step 1 and step 2 ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}).

Along the minimum energy pathway on the 2D potential energy surface, we selected initial structures (i.e. windows) for free energy calculation using umbrella sampling method^[@R31],[@R32]^. For each window, 1 ns equilibration with the QM region kept frozen was performed to ensure adequate relaxation of the MM part such as the hydrogen-bonding network in the active site. The final frames served as the initial structures of aiQM/MM-MD simulations. At each window of the umbrella sampling, force constants in the range of 10 to 300 kcal/mol∙Å^2^ were imposed on the reaction coordinates. The 2D PMF profile was calculated using weighted histogram analysis method (WHAM)^[@R33]^.

Data in the first 4ps was considered as equilibration and thus was not included for analysis. As a result, the data within the 4--11 ps in the 115 windows was used for analysis. The minimum free energy pathway was mapped out using the Dijkstra's algorithm^[@R46]^ from the 2D PMF of Step 1 (RC=r1-r2, r3-r4) and Step 2 (RC=r4-r5+r6-r7,r8-r9) respectively to elucidate the reaction mechanism as shown in [Fig. 2(a)](#F2){ref-type="fig"}. The resulting overall free energies of RS, TS1, IS, TS2 and PS are 0, 29.18±0.58, 20.43±0.99, 28.66±0.31 and 0.77±0.91 kcal/mol, respectively. The error bars were reported as standard deviations obtained from PMFs obtained from 1-ps segments of aiQM/MM-MD simulations. To examine the convergence of free energy profiles, we have further extended aiQM/MM-MD simulations of each window to 18ps, and the results indicate that our reported PMFs are converged ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). We note that our aiQM/MM-MD free energy simulations are limited by tens of picoseconds. If there exist protein conformational changes occurring at substantially longer timescales that can affect the reaction mechanisms, other approaches such as semi-empirical methods^[@R47]^ may need to be adopted to enhance the conformational sampling.

Intrinsic Transcript Cleavage Assay {#S11}
-----------------------------------

Cleavage reactions were performed by pre-incubating purified Pol II with the RNA:DNA scaffolds containing either a 3'−5' or 2'−5' linkage between U11 and G12 in RNA as described in [Fig. 4](#F4){ref-type="fig"}. The elongation complex was assembled in a 20 mM Tris-HCl (pH = 9) buffer with 40 mM KCl.

Intrinsic cleavage was initiated upon addition of Mg^2+^. Final concentrations for intrinsic cleavage were 20 mM Tris-HCl (pH = 9), 100 nM Pol II, 25 nM scaffold, 40 mM KCl, and 50 mM MgCl~2~. The reaction was quenched in 0.5 mM EDTA at various time points and analysed by denatured PAGE. Time points in [Fig. 4(b)](#F4){ref-type="fig"} were 1 min, 5 min, 20 min, 1 hr, 3 hr, 8 hr, 24 hr, 48hr, and 96hr. In the pH profile of intrinsic cleavage assay, the buffers and pH values were: MES-6.2, HEPES-7.0, HEPES-7.9, CHES-8.8, CAPS-9.9; with a buffer concentration of 50mM. To fit the cleavage data, we tested both the single phase and the double phase dissociation equations. Intriguingly, the single-phase fitting was in an extremely poor quality, whereas the double phase fit the experimental data very well ([Supplementary Fig. 11](#SD1){ref-type="supplementary-material"}). The two-phase equation we used was described as follows: Y=Plateau + A~1~\*exp(−*k*~Fast~\*X) + A~2~\*exp(−*k*~Slow~\*X) (1), where, A~1~ and A~2~ represent the population of the fast and slow phase, respectively.

For the thio-substitution cleavage assay, the pH value of the buffer was 7.5 and MgCl~2~ concentration was 5mM. The time points in [Figure. 5b](#F5){ref-type="fig"} were 1 min, 4 min, 15 min, 1 hr, 3 hr, 8 hr, 24 hr. The time dependence of cleavage product formation was fit to a one-phase association Equation to determine the observed rate (k~obs~). To separate the two different RNA thio-substitution stereoisomers, oligonucleotides were purified by reversed-phase high-performance liquid chromatography on an Agilent 1200 series HPLC system equipped with a quaternary pump (Waters 1525), a multiple wavelength detector and fraction collector involving a mobile phase of 0.1M TEAA in water (Solvent A) and acetonitrile (Solvent B) with flow rate 1mL/min, using Agilent ZORBAX XDB C18 column (4.6 mm x 250 mm, 5 μm, and 50^o^C).
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![Elucidating Pol II intrinsic cleavage mechanism using QM/MM-MD simulations.\
**(a)** Full description of the system with the use of QChem/AMBER simulation package. The system consists of 372,091 MM atoms and 103 QM atoms. Active site of backtracked RNA Polymerase II (PDBID: 3GTG) was modelled with MD following the procedure as described in Methods. Key atoms being included in QM partition are shown in coloured ball and stick representations. **(b)** Proposed reaction mechanism shown in chemical representation. Step 1: Endonucleolytic cleavage using water as the nucleophile and terminal phosphate oxygen as the general base (left). Step 2: Water-mediated proton transfer to the exposed 3'-end oxygen (right).](nihms-1517152-f0001){#F1}

![Identifying reaction pathway using free energy profiles.\
**(a)** The overall 1D free energy profile. **(b)** Reaction coordinates and 2D free energy surfaces of step 1: endonucleolytic cleavage (left) and step 2: proton transfer (right). Please refer to the [Methods](#S8){ref-type="sec"} section for our choices of reaction coordinates and [Supplementary Note 11](#SD1){ref-type="supplementary-material"} for validation of the energy maxima of TS1 and TS2 and [Supplementary Note 12](#SD1){ref-type="supplementary-material"} for validation of the energy minima of RS, IS and PS.](nihms-1517152-f0002){#F2}

![Structural representation along the reaction pathway.\
After the formation of reactant state RS, deprotonation of the attacking water by the terminal G12 pro-Rp oxygen and SN2 cleavage of phosphodiester bond occur in an associative manner, leading to a trigonal bipyramidal TS1 (see [also Supplementary Note 5](#SD1){ref-type="supplementary-material"}). After the inversion of configuration of the cleaved phosphate is completed, a metastable intermediate IS with exposed 3'-oxyanion is formed. The oxyanion is protonated by a nearby metal-coordinating water molecule, leading to TS2. Subsequent proton transfer process occurs, resulting in the final product state PS with cleaved phosphate and newly formed 3'-end.](nihms-1517152-f0003){#F3}

![Alteration of the RNA 3'-terminal linkage reduces the intrinsic cleavage rate.\
(a) Sequence of scaffold used in the intrinsic cleavage assay. (b-c). Results from the intrinsic cleavage assay show that 2'-5' modification significantly decreases the intrinsic cleavage rate compared to the natural 3'-5' linkage. The time point for the cleavage assay was: 0, 1 min, 5 min, 20 min, 1 h, 3 h, 8 h, 24 h, 48 h, 96 h. (d) Comparison of pH profiles of intrinsic cleavage (P2) among 2'-5' and 3'-5' linked scaffolds. For (c) and (d), the error bars are reported as standard deviations of three independent experiments. (e) The average distance between G12 pro-Rp oxygen and the attacking water. The error bars are reported as sample standard deviations obtained from distances computed from an ensemble of MD conformations as described in [Supplementary Note 9--10](#SD1){ref-type="supplementary-material"}. (f) Three representative reactant-like structures with 2'-5'linked scaffolds chosen from MD simulations, displaying the distances between G12 pro-Rp oxygen and nucleophilic water.](nihms-1517152-f0004){#F4}

![The effect of thio-substitution of non-bridging phosphate oxygen on intrinsic cleavage.\
(a) Chemical structure of the active-site atoms distinguishing the two different RNA thio-substitution stereoisomers: Rp-S substitution and Sp-S substitution. (b, c) The effects of thio-substitution stereoisomers on the intrinsic cleavage rate. The stereoisomer from Thio-Peak 2 decreases the cleavage rate by about 3-fold, whereas the stereoisomer from Thio-Peak 1 has minor effect. The time point for the cleavage assay was: 1 min, 4 min, 15 min, 1h, 3h, 8h, 24h. The error bars are reported as standard deviations of three independent experiments.](nihms-1517152-f0005){#F5}
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